This paper presents a novel portable sample filtration/concentration system, designed for use on samples 28 of microorganisms with very low cell concentrations and large volumes, such as water-borne parasites, 29 pathogens associated with fecal matter, or toxic phytoplankton. The example application used for 30 demonstration was the in-field collection and concentration of microalgae from seawater samples. This 31 type of organism is responsible for Harmful Algal Blooms (HABs), an example of which is commonly 32 referred to as "red tides", which are typically the result of rapid proliferation and high biomass 33 accumulation of harmful microalgal species in the water column or at the sea surface. For instance, Karenia 34 brevis red tides are the cause of aquatic organism mortality and persistent blooms may cause widespread 35 die-offs of populations of other organisms including vertebrates. In order to respond to, and adequately 36 manage HABs, monitoring of toxic microalgae is required and large-volume sample concentrators would be 37 a useful tool for in situ monitoring of HABs. The filtering system presented in this work enables consistent 38 sample collection and concentration from 1 L to 1 mL in five minutes, allowing for subsequent benchtop 39 sample extraction and analysis using molecular methods such as NASBA and IC-NASBA. The microalga 40
Introduction 64 65
Algal blooms are a natural worldwide phenomenon, resulting from rapid accumulation of algal populations 66 in marine and freshwater systems. They form the basis of production in marine food webs and are often 67 recognised from distinct water discoloration, caused by the pigments of associated algae ( Thousands of fish and other species are killed annually by Karenia brevis (K. brevis) red tides alone, and 86 persistent blooms may cause widespread die-offs of benthic communities and short-term declines in local 87 fish populations (Landsberg et al., 2009 ). This toxic dinoflagellate is capable of having adverse effects on 88 human health starting from concentrations as little as 5 cells/mL (Bricelj et al., 2012) and is currently 89 monitored by the Florida Fish and Wildlife Conservation Commission (FWRI, 2015) at concentrations 90 between 10 3 cells/L (bloom not present) and 10 6 cells/L (bloom with high cell density). Even though there 91 may be multiple causes of red tides, nutrients such as nitrates and phosphorus have an important role in 92 sustaining microalgal blooms (Vargo et al., 2008) . As a result, it is not surprising that areas of significant 93 human induced pollution may lead to increased frequency of red tide outbreaks (Liu et al., 2013) . Toxicity 94 of HABs can be especially pronounced once phosphorous limitation occurs, as this has been suggested to 95 be an important factor regulating cellular toxicity (Hardison et al., 2013) . In order to adequately manage 96 waste contamination and resulting HABs, particularly in regions of rapid economic and industrial growth, 97 environmental monitoring is required. 98 99 Efficient sampling, sample analysis, and thus monitoring of HABs will help prevent direct or indirect damage 100 to human health, as well as potentially significant financial losses for the fisheries and aquaculture industry. 101
Importantly, it also serves as a means of identifying waste spills and contamination of the environment. 102 5 Current methods for monitoring microalgal species using morphological assessment by microscopy or 103 analogous techniques can be time-consuming, limiting the number of samples which can be analysed and 104 the size of those samples. In addition, the acquired information may be limited regarding species-specific 105 definition and toxin production. By contrast, molecular techniques, if automated, could accelerate the rate 106 of sample analysis, while providing the benefits of increased accuracy and simultaneous examination of 107 multiple parameters (Medlin, 2013) . 108 109 This paper presents a novel filtration/concentration system, designed for the collection and concentration 110 of seawater samples, which are characterised particularly by very low cell concentrations and therefore the 111 requirement to process very large volumes. The system is intended primarily for manual, field sample 112 processing of the sort required by environmental monitoring. Test samples were processed by the system 113 and subsequently analysed using a molecular method for the detection and quantification of marine 114 microorganisms. To demonstrate the viability of the method and to validate the operation and the 115 detection capabilities of the system, two marine microorganisms were examined: in the world's oceans, estuaries, and inland seas (Thakur et al., 2008) and it has witnessed significant 137 growth in the application of molecular techniques. As a result, new fields of investigation have opened 138 (Keeling et al., 2014) , the distribution and composition of microbial populations has been re-defined 139 (Valiadi et al., 2014) , and in some cases, previous studies have been re-evaluated (Burton, 1996) . Marine 140 molecular biology is constantly evolving to solve problems regarding the exploration of marine organisms 141 6 for human health and welfare purposes (Thakur et al., 2008 The input of the sprayer was modified to hold the first two filters, with the collected sample (large volume 250 -up to 10 L) poured into the container through both filters and into the main body of the vessel. The 251 output of the sprayer (at the end of the pump) was also modified to allow direct connection to the third 252 filter -the CellTrap™ sample filter. This filter is designed for small-scale environmental sampling and targets 253 sample volumes between 10 mL and 25 L. The integrated hand pump is used to pump the pre filtered 254
(40 m) sample through the CellTrap filter, which is intended to trap particles greater than the pore size 255 (0.2 m). As a result, cells and other particles in the 0.2 m -40 m range are collected prior to extraction 256 9 and processing. The CT40 filter has an approximate internal volume of 1 mL, giving a maximum 257 concentration factor of 10,000. 258 259
Filter test Procedure 260 261
For each test run of a sample the filter system was initially rinsed with 70% ethanol, followed by thorough 262 rinsing with reverse osmosis (RO) water. The filter system was then filled with five litres of artificial 263 seawater spiked with target cells at varying concentrations. The 5 L samples were loaded by pouring into 264 the vessel through the coarse filter as described above. 4 L of this sample was divided into four sub-samples 265 by pumping 1 L successively through four different CellTrap™ collection filters. To account for initial 266 variability caused by pressurising the hand pump and air being trapped and released in parts of the system, 267 the first collection filter was discarded. The subsequent three were retained for analysis, giving three 268 independent measurements for each sample. 269
270
To monitor pump performance, the flow rates were determined for every sub-sample during the operation 271 of the filter concentrator. The filtrate was collected in a measuring cylinder and the time for every 100 mL 272 increase in volume was recorded up to the maximum volume of 1 L. The flow rate was then calculated for a 273 granularity of 100 mL by dividing this volume by the difference in the recorded times. 274 To test the full analytical system (the filtration system coupled to IC-NASBA) and assess its ability to 295 quantify HAB microalgae, K. brevis strain CCMP2228 was employed as a model organism. The species was 296 obtained from the Provasoli-Guillard National Center for Culture of Marine Phytoplankton, and was 297 originally isolated from the Gulf of Mexico, Sarasota Bay as a non-axenic culture. For T. suecica a commercial extraction kit (NucliSENS miniMAG®, bioMérieux, UK) was used and the 328 protocol supplied by the manufacturer was followed. For K. brevis the same process was used but with 329 custom buffers. All chemicals were of highest purity and of molecular biology grade (Sigma-Aldrich, UK). 330
331
The first stage of extraction for filtered samples used a 1-mL syringe to elute the contents of the CellTrap™ 332 filter. The syringe was preloaded with 0.2 mL of lysis buffer, which was then pushed into the filter and then 333 extracted. Independent non-filtered control samples were taken directly from the K. brevis culture and 334 concentrated to a final volume of 1 mL. All samples were then placed into a tube containing an additional 335 1 mL of lysis buffer, giving a final volume of 1.2 mL for filtered samples and 2 mL for control samples. Data describing the flow through the filtering system are illustrated in Fig. 2 . The results are shown as 404 cumulative volume against cumulative time demonstrating the main linear period of operation followed by 405 the slower period approaching one litre as the operator reduced pressure (Fig. 2A) . The same data is also 406 plotted as average volumetric flow rate, determined for each 100 mL sub-sample, against cumulative 407 volume (Fig. 2B) . The results provide evidence of constant flow rate at approximately 5 mL/s for the first 408 two thirds of the operating period, with an increase near the beginning; this is due to variable charging of 409 the volume of fluid contained within the barrel of the hand pump. Moreover, as the hand pump is user-410 controlled and inherently variable, significant flow rate variation was observed between runs (28% at 411 200 mL processed volume) whereas anticipation of the point at which 1 L of sample is processed led to the 412 significant reduction (up to 300%) of flow rate after 200 seconds and 700 mL. This end point is related only 413 to the discharge of pressure: in tests where 5 L were processed, the flow rate remained constant until 414 300 mL before end of pumping. 415 The fitting parameters are summarised in 
Analysis and quantification of Karenia brevis 484 485
The results indicate that there is a relationship between wild-type and IC curves which is dependent on 486 K. brevis concentration in both filtered samples and corresponding independent non-filtered control 487 samples. In order to demonstrate the quantification properties of the filtering system, the NASBA results 488 were analysed using the TTP and quantitation variable ratios. Following the example sample (Fig. 5) The results summarised in Fig. 6 and Table 2 indicate that samples processed by the filter concentrator 494 system produced a more consistent linear trend with logarithmic cell number than the independent non-495 filtered controls. The fit to the trend is marginally better using the TTP ratio data rather than the 496 quantitation variable for quantification, and significantly better for the filtered samples compared to the 497 independent non-filtered control samples. Overall, this suggests that RNA quantification using the filter 498 system would be more accurate. However, the results from the filter system show slightly increased 499 variability (decreased precision) vs the control. This is more pronounced at low concentrations and in the 500 results using the quantification variable. This variability arises from the fact that the samples have a large 501 volume with very low cell numbers, compounded by needing to recover small cell numbers at the elution 502
stage. This filter-concentrator system provides simple, rapid, and consistent sample collection and concentration, 549 and could become a useful tool for in-field monitoring of HABs, water-borne parasites, and pathogens 550 associated with faecal matter. Additional research will be required to further optimise extraction methods. 551
Coupling of the system with other molecular analysis methods would demonstrate flexibility regarding its 552 application. Finally, using it in conjunction with Lab-on-a-Chip devices, to analyze environmental samples, 553 could prove to be a viable and powerful tool for on-field monitoring of HABs and human pollution. figure   S5 HARMFUL ALGAE
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